Measles continues to be a major childhood killer and is currently estimated to cause almost 1 million deaths a year (8) . Measles virus (MV) is an enveloped negative-strand RNA virus that is a member of the Morbillivirus genus in the Paramyxoviridae family. MV has two envelope glycoproteins, the hemagglutinin (H) and fusion (F) proteins, mediating receptor binding and membrane fusion, respectively (8) .
MV was first isolated in tissue culture by inoculating primary human kidney cells with the blood of a child with measles (6) . Since then, continuous monkey kidney cell lines (e.g., Vero) have been commonly used to isolate MV strains from clinical samples. However, several blind passages were generally required in these cell lines before virus propagation and development of cytopathic effects (CPE). Recently, Kobune et al. reported that MV strains could be isolated much more rapidly and efficiently in the Epstein-Barr virus (EBV)-transformed marmoset B-cell line B95-8 and its adherent subline B95a than in monkey kidney cell lines, and that MV strains isolated in B95a cells, but not Vero cell-adapted strains, retained pathogenicity for monkeys (12, 13) . These studies suggested that MV strains grown in B95a cells may be more representative of MV circulating in humans than are MV strains selected in Vero cells. Subsequently, other human B-cell lines were also used to isolate wild-type MV strains (14, 25) .
Several years ago, CD46 (also called membrane cofactor protein) was identified as the cellular receptor for the Edmonston and Halle strains of MV (4, 15, 17) . The H protein was found to induce downregulation of CD46 from the surface of MV-infected cells (18) . However, many recent wild-type MV strains isolated in B-cell lines were found not to grow in other CD46-positive cell lines (9, 12, 14, 24, 25, 30) . Furthermore, Schneider-Schaulies et al. showed that wild-type strains can be classified into CD46-downregulating and -non-downregulating groups (24) .
Two amino acid residues of the H protein (at positions 451 and 481) were shown to be critical for determining the ability of MV strains to cause hemadsorption, HeLa cell fusion, and CD46 downregulation (1, 14) . More recently, using a direct binding assay with insect cells expressing the H protein, Hsu et al. demonstrated that a single amino acid change at position 481 determines the ability of the H protein to bind CD46 (9). We showed that the H gene of the wild-type MV isolates induced cell fusion in B95a cells, but not in other CD46-positive cell lines, when coexpressed with the F gene (30) . All of these observations led to the proposal that the H protein of the Edmonston strain, but not of many wild-type strains isolated in B-cell lines, interacts with CD46, and that there is another cellular receptor for these wild-type MV strains (2, 3, 9, 14, 30) .
On the other hand, by analyzing differences in the growth properties and nucleotide sequences of B95a-grown strains and their Vero cell-adapted strains, Takeda et al. concluded that the changes in the H protein were not important for MV adaptation to Vero cells (29) . Further, Johnston et al. gener-ated a recombinant Edmonston MV expressing wild-type WTF strain envelope proteins and showed that the recombinant virus expressing the WTF H protein spread in Vero cells although the parental WTF virus did not, suggesting that cellspecific factors other than receptor usage are also important in determining MV cell tropism (11) .
In this study, we first examined cell tropism of the Edmonston strain and the KA strain, a CD46-non-downregulating wild-type MV isolate, in a large number of cell lines. We then used a recombinant vesicular stomatitis virus (VSV) to produce pseudotypes bearing MV envelope proteins and showed unequivocally that virus entry is a major determinant of cell tropism of the Edmonston and KA strains.
MATERIALS AND METHODS

Cells.
293T is derived from the human kidney cell line 293 and contains the simian virus 40 large T antigen (5) . The other cell lines used in this study and their derivations are listed in Table 1 . BJAB and BJAB-B95-8 were kindly provided by Kenzo Takada. CHO/CD46 and CHO/pME18S are CHO-derived cell lines in which the expression vector pME18S with and without the human CD46 gene, respectively, was transfected and were kindly provided by Yusuke Murakami (10) . All adherent cell lines except B95a and CHO-derived cell lines were grown in Dulbecco modified Eagle medium supplemented with 7% heatinactivated fetal bovine serum (FBS), 0.15% sodium bicarbonate, and 50 g of gentamicin per ml. L.Neo and L.CD46.1 (32) were grown in the medium supplemented with 0.5 mg of G418 per ml. B95a, CHO-derived cell lines, and all cell lines in suspension were grown in RPMI 1640 supplemented with 10% heatinactivated FBS, 0.15% sodium bicarbonate, and 50 g of gentamicin per ml. CHO/CD46 and CHO/pME18S were grown in medium supplemented with 0.7 mg of hygromycin B per ml.
Viruses. The Edmonston strain of MV was obtained from American Type Culture Collection and grown on Vero cells. The wild-type MV strains, KA and Ichinose, were isolated from patients with measles by using B95a cells and were grown on B95a cells (generous gifts of Fumio Kobune) (30) . (In this report, the term "wild-type" refers to MV strains that have been isolated and propagated in marmoset or human B-cell lines and usually do not grow well in Vero cells.) The Edmonston strain was titrated on Vero cells, and the KA and Ichinose strains were titrated on B95a cells. VSV⌬G*-G is the recombinant VSV derived from a full-length cDNA clone of VSV genome (Indiana serotype) in which the coding region of the G protein was replaced by the coding region of a modified version of the green fluorescent protein (GFP) gene and the G protein was expressed in trans by pCVSVG (28) . VSV⌬G*-G, kindly provided by Michael A. Whitt, was grown and harvested by infecting 293T cells which had been transfected with pCVSVG.
Plasmids. cDNA clones of the Edmonston H and F genes were obtained from M. A. Billeter (23) and subcloned into the expression vector pCXN2 (19) . They were designated pCXN2H and pCXN2F. A cDNA clone of the KA H gene was obtained by reverse transcriptase-PCR and cloned into pCXN2, yielding pCXN2KAH (30) . pCVSVG is the expression plasmid in which cDNA encoding the VSV G protein was cloned into the expression vector pCAGGS (19) .
Virus growth in cell lines. Each cell line (2.5 ϫ 10 5 cells) was infected with the Edmonston (titrated on Vero cells) or KA (titrated on B95a cells) strain at a multiplicity of infection (MOI) of 0.25. After 1 h of infection, cells were washed with phosphate-buffered saline three times, replenished with 1 ml of fresh medium, and incubated in 24-well plate at 37°C in a 5% CO 2 incubator. Cells and medium were recovered at various times after infection and then treated by one cycle of freezing-thawing and low-speed centrifugation. The suspensions containing the Edmonston strain were titrated on Vero cells, and those containing the KA strains were titrated on B95a cells.
Preparation of pseudotype viruses. 293T cells were transfected with pCVSVG, pCXN2H plus pCXN2F, pCXN2KAH plus pCXN2F, or pCXN2 by using Lipofectamine (GIBCO/BRL). Thirty-two hours after transfection, cells were infected with VSV⌬G*-G at an MOI of 1 (titrated on 293T cells) for 1 h at 37°C. They were then washed with Dulbecco modified Eagle medium without FBS seven times, and culture medium was added. After 21 h of incubation at 37°C in a CO 2 incubator, culture fluid and scraped cell debris were collected, treated by one cycle of freezing-thawing, and sonicated. The suspensions containing pseudotype viruses were clarified by low-speed centrifugation and stored at Ϫ80°C. They were designated VSV⌬G*-G, VSV⌬G*-EdHF, VSV⌬G*-KAHF, and VSV⌬G*. When VSV⌬G*-EdHF was prepared, culture medium was supplemented with the fusion block peptide (Z-D-Phe-Phe-Gly) (21) 
The Edmonston strain of MV caused a few giant cells on these nonprimate cell lines when infected at a high MOI (Ͼ10). b CPE caused by the Edmonston strain of MV was weaker on Daudi than CPE on other human cell lines in suspension.
sedimented in the well of 96-well flat-bottom plate. After overnight incubation, 50 l of serially diluted virus stock was added to each well, followed by incubation at 37°C in a CO 2 incubator. At 24 h after infection, infectious units of pseudotype virus stocks were determined by counting the number of GFPexpressing cells under a fluorescence microscope. Since infected cells may divide during 24 h of incubation, a doublet of GFP-expressing cells, when observed, was counted as 1 infectious unit. For cell lines in suspension, 5 ϫ 10 4 cells in 100 l of fresh culture medium were infected in a similar manner. At 24 h after infection, cells in each well were treated by pipetting to break cell clumps and left to settle for 30 to 90 min; then GFP-expressing cells were counted. Since single infected cells may produce GFP-expressing progeny cells during 24 h of incubation, we may overestimate infectious units for cell lines in suspension, depending on the doubling time of the cell lines. This may become a problem when we compare infectious units between different cell lines. However, as long as we compare infectious units of four pseudotype viruses within a single cell line, the proportional difference in infectivity is not affected. The same preparations of virus stocks were used for all titrations, and each cell line was simultaneously prepared for the titration of four types of pseudotype viruses.
Electron microscopy. Virus samples were prepared as described above except that only culture supernatant containing pseudotype viruses (not cell debris) was used. They were partially purified by centrifugation through 20% sucrose and labeled with serum from a patient with subacute sclerosing panencephalitis (SSPE) (31) and protein G conjugated with gold. Virus samples were negatively stained with uranyl formate and examined in an electron microscope.
RESULTS
Cell tropism of the wild-type KA strain of MV. To examine the difference in cell tropism between the Edmonston strain and the wild-type KA strain of MV, we infected various cell lines and observed the development of CPE ( Fig. 1 and Table  1 ). The Edmonston strain caused CPE in all human and monkey cell lines tested. CPE was weaker in Daudi cells than in other human cell lines, probably because the F protein is not effectively processed in Daudi cells (7) . Interestingly, even the rodent and rabbit cell lines developed focal small syncytia when infected at a high MOI (Ͼ10). On the other hand, the KA strain produced CPE only in B95a, B95-8, Raji, Ramos, BJAB-B95-8, MT-2, and C91/PL cells, which are all lymphoid cell lines (Fig. 1) .
To ascertain that CPE correctly reflected the infectivities of the MV strains, virus replication was examined in representative cell lines. The Edmonston strain grew well in all cell lines examined, in which virus titer reached a high level at 24 h after infection and was maintained for 3 days thereafter ( Fig. 2A) . The KA strain also grew in four of the cell lines tested but not well in two cell lines that did not produce CPE (BJAB and Jurkat) (Fig. 2B) . Thus, the development of CPE paralleled virus replication in these cell lines.
In previous studies, wild-type lymphotropic MV strains have been reported to grow in such B-cell lines as B95a, B95-8, Raji, and BJAB, as well as in mitogen-stimulated human peripheral blood mononuclear cells (9, 12, 24, 25, 30) . Although the KA strain did not grow well in BJAB, it caused CPE in BJAB-B95-8, an EBV-infected line of BJAB. The KA strain also caused CPE in an EBV-negative B-cell line Ramos and in T-cell lines MT-2 and C91/PL. Flow cytometry analysis indicated that cell surface markers of MT-2 and C91/PL cells were
ϩ . These cells were also strongly stained by serum from a patient with human T-cell leukemia virus type 1 (HTLV-1)-associated myelopathy, confirming that they are HTLV-1-infected cell lines. To determine whether the observed tropism was peculiar to the KA strain, another wild-type strain isolated in B95a cells, Ichinose, was also used to infect the cell lines examined in Fig. 1 , and exactly the same tropism was observed (data not shown).
Incorporation of MV envelope proteins into VSV pseudotypes. To determine whether virus entry or subsequent intracellular replication is responsible for the difference in cell tropism between the Edmonston and wild-type MV strains, we used the recently developed recombinant VSV⌬G*, which contains the GFP gene instead of the VSV G protein gene and thus is not infectious unless the envelope proteins mediating receptor binding and membrane fusion are provided in trans (28) . VSV⌬G* complemented with the VSV G gene (VSV⌬G*-G) can infect the majority of cell lines (28) . To confirm the incorporation of MV envelope proteins into VSV particles, 293T cells were transfected with the KA H protein and the Edmonston F protein, followed by infection with VSV⌬G*-G, producing VSV⌬G*-KAHF. VSV⌬G*-G and VSV⌬G*-KAHF were partially purified by centrifugation and stained with SSPE serum containing high levels of anti-MV antibodies and protein G conjugated with gold, followed by negative staining. Electron microscopic analysis revealed that VSV⌬G*-G and VSV⌬G*-KAHF virions had almost the same sizes, presumably reflecting the similar composition of nucleocapsids, and that the majority of VSV⌬G*-KAHF virions, but no VSV⌬G*-G virions, were labeled with SSPE serum (Fig. 3) . Thus, MV envelope proteins were successfully incorporated into VSV particles, consistent with a previous report (26) .
Susceptibility of cell lines to VSV pseudotypes. We prepared four types of pseudotype viruses: VSV⌬G*-G, VSV⌬G*-EdHF bearing the Edmonston H and F proteins, VSV⌬G*-KAHF, and VSV⌬G* bearing no envelope protein. The Edmonston F gene was used to generate both VSV⌬G*-EdHF and VSV⌬G*-KAHF, and thus any difference in infectivity between these two pseudotypes should be due to the H protein on their envelopes. VSV⌬G* was prepared without supplying envelope proteins, so that the cell's susceptibility to VSV⌬G* will reflect virus entry independent of VSV or MV envelope proteins. Figure 4A shows the susceptibility of adherent cell lines to pseudotype viruses. VSV⌬G*-G infected all of the cell lines tested, with titers ranging from 10 6.0 to 10 8.7 infectious units/ml (as measured by counting the number of GFP-expressing cells). On B95a, Vero, and HeLa cells, VSV⌬G*-EdHF had higher infectivity titers than VSV⌬G* by over 3 logs, whereas these two pseudotype viruses showed similar levels of titers on BHK21 and RK13 cells. CHO/CD46 and L.CD46.1, the rodent cell lines to which the human CD46 gene was stably transfected, were more susceptible to VSV⌬G*-EdHF than their parental cell lines to which only the control plasmid was transfected. The VSV⌬G*-KAHF titer was over 4 logs higher than the VSV⌬G* titer on B95a cells but not significantly higher on the other adherent cell lines tested. Thus, each adherent cell line showed susceptibility to VSV⌬G*-EdHF and VSV⌬G*-KAHF, in a manner consistent with its susceptibility to the Edmonston strain and KA strain.
The susceptibility of cell lines in suspension to pseudotype viruses was also examined (Fig. 4B) . All human cell lines tested were susceptible to VSV⌬G*-EdHF, while neither of the mouse cell lines was. VSV⌬G*-KAHF titers were 2 to 3 logs higher than VSV⌬G* titers on B95-8, Raji, Ramos, BJAB-B95-8, and MT-2. VSV⌬G* showed a high infectivity titer on C91/PL, making it impossible to evaluate virus entry into this cell line dependent on the MV envelope proteins. Again, each cell line in suspension showed susceptibility to VSV⌬G*-EdHF and VSV⌬G*-KAHF, in a manner consistent with its susceptibility to the Edmonston and KA strains.
DISCUSSION
In this study, we first showed the clear difference in cell tropism between the Edmonston strain and the wild-type KA strain, using a large number of various cell lines. The Edmonston strain caused CPE in all human and monkey cell lines tested and in rodent cell lines expressing human CD46, whereas the KA strain caused CPE only in a restricted number of human and marmoset lymphoid cell lines. It was also confirmed in several cell lines that the development of CPE paralleled virus replication. Thus, the KA strain neither produced CPE nor replicated well in BJAB and Jurkat cells. Another wild-type strain (Ichinose) isolated in B95a cells showed the same tropism as the KA strain.
Since both marmoset B95-8 cells and human Raji cells, which are highly susceptible to wild-type MV strains, have been infected with EBV, the relationship between EBV infection and susceptibility to wild-type MV strains has been discussed elsewhere (3). In fact, we showed that the KA and Ichinose strains caused CPE in BJAB-B95-8, an EBV-infected line of BJAB cells, whereas they did not in BJAB. On the other hand, these wild-type strains caused CPE in Ramos, an EBVnegative B-cell line. Furthermore, although our wild-type MV strains did not grow in BJAB, another group used this cell line to isolate and propagate the wild-type MV strains (24, 25) . These results suggest that EBV infection per se is not a prerequisite for the cell's susceptibility to wild-type MV. EBV infection may, however, make the cells more susceptible to wild-type MV by upregulating certain proteins that serve either as the cellular receptor or as certain host factors.
We also showed that the KA and Ichinose strains caused CPE in two human T-cell lines, MT-2 and C91/PL, which are HTLV-1-transformed cell lines derived from human cord blood mononuclear cells (16, 20) . Though MT-2 and C91/PL cells were originally identified as T cells, they did not express CD3 but were still HTLV-1 positive. We found that wild-type MV strains propagated on these cell lines did not infect Vero cells, indicating that they retained the wild-type phenotype (data not shown). Although we have previously reported that the KA and Ichinose strains produced CPE in phytohemagglutinin-stimulated human peripheral blood mononuclear cells (30) , this is the first description of T-cell lines susceptible to wild-type MV strains. Which step of virus growth determines the difference in cell tropism between MV strains? To evaluate virus entry, we prepared VSV pseudotypes bearing MV envelope proteins. It had been reported that the H and F proteins of MV were efficiently incorporated into VSV virions (26) . In this study, we used a recombinant VSV (VSV⌬G*) lacking the G protein gene. Thus, the pseudotype viruses enter cells using envelope proteins provided in trans, and then subsequent intracellular steps progress as part of the VSV replication cycle. As a result, the difference in the infectivity between pseudotype viruses reflects the difference in the efficiency of entry using the envelope proteins provided. The infectivity titration of pseudotype vi- ruses on various cell lines showed that the difference in cell tropism between the Edmonston and KA strains could be explained by the efficiency of virus entry, in which the H proteins of the involved MV strains play a decisive role.
This pseudotype virus system contains two factors which may cause a false infectivity. First, VSV⌬G*-G used to prepare pseudotypes may contaminate virus stocks, producing a background infectivity. Second, virus entry independent of VSV or MV envelope glycoproteins may occur. To evaluate these two factors, we included VSV⌬G* in our experiments. The infectivity titers of VSV⌬G* on most cell lines were negligible, indicating that neither residual VSV⌬G*-G in pseudotype virus stocks nor envelope protein-independent virus entry was significant in our system. VSV⌬G* showed a high infectivity titer on C91/PL cells, which was presumably caused by the second factor described above. We hypothesize that VSV⌬G* bears the HTLV-1 receptor molecule derived from 293T cells, which might facilitate the interaction of the pseudotype with HTLV-1 envelope proteins expressed on C91/PL cells, although we have not explored this further. We have previously reported that the H gene of wild-type MV strains induced cell fusion in B95a cells, but not in other CD46-positive human and monkey cell lines, when transfected together with the F gene (30) . The pseudotype virus system used in this study has advantages over the transfection experiment, as it can quantitatively determine the entry of cell-free virus, rather than cellcell fusion, in adherent cells as well as in cells in suspension.
However, our pseudotype assay may not perfectly reflect MV entry for the following reasons. First, the amount of MV envelope proteins on VSV pseudotype virus may be lower than that on MV virion, which will make the pseudotype bearing MV envelope proteins enter only highly susceptible cells. Second, VSV pseudotype viruses do not have quasispecies as regards envelope proteins because they are expressed from the plasmids. This may explain why rodent cells developed focal small syncytia when infected with the Edmonston strain at a high MOI, but VSV⌬G*-EdHF showed no infectious titers on them.
Recently, Takeda et al. reported that changes in the polymerase and accessory proteins, not in envelope proteins, were responsible for the growth difference between a B95a-grown MV strain and its Vero-adapted strain (29) . Johnston et al. generated a recombinant Edmonston MV expressing envelope proteins of the wild-type WTF strain and showed that the recombinant virus expressing the WTF H protein spread in Vero cells although the parental WTF virus did not (11) . These studies indicate that cellular factors other than virus entry play an important role in determining MV cell tropism. How are these studies reconciled with our results? One interpretation is that although Vero cells do not have the authentic receptor for wild-type MV strains, they may still enter Vero cells with a low efficiency and thereafter replicate and produce CPE to a certain extent. The adaptation to the intracellular environment may increase such viral growth in Vero cells, thus affecting MV cell tropism. However, our results clearly showed that there exist large differences in the efficiencies of virus entry between susceptible and nonsusceptible cell lines, accounting for the major part of the tropism. Furthermore, Takeda et al. (29) , reported that the Vero-adapted virus had a serine-to-glycine change at position 546 of the H protein, which may also allow this virus to efficiently infect Vero cells (22, 27) . In the study by Johnston et al. (11) , the WTF strain did not spread in Vero cells, but transfection of the WTF H protein gene and the Edmonston F gene caused cell fusion in Vero cells, suggesting that the WTF strain is able to fuse with Vero cells at a higher efficiency than the KA and Ichinose strains. Thus, even in these studies, virus entry seems to be a major determinant of MV cell tropism, although other cell-specific factors and/or other viral proteins (e.g., polymerase) apparently influence subsequent viral replication, contributing to tropism.
In summary, we newly identified several cell lines, including T-cell lines, that can support the efficient replication of wildtype MV strains. We successfully generated the VSV pseudotype expressing MV envelope proteins in the absence of the VSV G protein. Using this pseudotype virus system, we showed that the infectivity of a MV strain for the cell was perfectly correlated with the efficiency of entry into that cell by the VSV pseudotype bearing the corresponding MV H protein, indicating that virus entry is a major determinant of cell tropism of MV strains. We are now using this VSV pseudotype system to identify the molecule that enables wild-type MV strains to enter cells.
